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We  use  cross-sectional  STM  to  effectively  discriminate  between  arsenic  and  antimony  sites  in  mixed  group-V  semiconductor  alloys  grown 
by  MBE.  Our  effort  is  directed  toward  two  problems  representing  distinctly  different  facets  of  a  common  material  system:  InAsSb.  Project 
1,  undertaken  jointly  with  Sandia  National  Laboratories,  assesses  the  difference  between  the  as-grown  and  intended  [001]  antimony  profile 
in  an  InAs  /  InAsSb  strained-layer  superlattice  arising  from  antimony  segregation  and  cross-incorporation.  We  show  how  the  STM  data 
fully  explain  the  observed  HRXRD  spectrum  and  predict  a  corresponding  strain  profile  that  may  also  be  tested  against  TEM.  Project  2, 
undertaken  jointly  with  the  Army  Research  Laboratory,  addresses  the  anion  sublattice  order  in  a  bulk,  metamorphic  InAsSb  alloy.  We 
demonstrate  how  cross-sectional  STM  permits  a  semi-quantitative  assessment  of  short-range  order  by  way  of  an  image-based  antimony- 
antimony  correlation  function  reconstructed  from  large-area  STM  surveys.  Project  1  has  a  direct  impact  on  the  predicted  band  structure  and 
carrier  transport  in  MWIR  strained-layer  superlattices,  whereas  Project  2  potentially  bears  on  the  ordering-induced  band-gap  anomaly  in 
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Scientific  Progress 


PROJECT  1 


•  Monolayer-by-monolayer  compositional  analysis  of  InAs  /InAsSb  superlattices  with 
cross-sectional  STM 

•  Collaboration  with  Sandia  National  Laboratories 
J.F.  Klem,  S.D.  Hawkins,  E.A.  Shaner,  and  J.K.  Kim 

Highlights 

•  device-scale  STM  surveys  are  used  to  study  an  InAs/lnAsSb  superlattice  grown  by  MBE 

•  the  as-grown  antimony  profile  differs  substantially  from  design  intentions 

•  this  profile  is  quantitatively  explained  by  segregation  and  cross  incorporation 

•  the  total  antimony  content  per  period  varies  as  the  growth  progresses 

•  the  (004)  HRXRD  spectrum  is  completely  accounted  for  by  the  STM  composition  profile 

•  the  corresponding  strain  profile  mirrors  the  composition  profile,  permitting  direct 
comparison  with  TEM 

•  these  findings  have  implications  for  both  band  structure  and  carrier  mobility 

Publication 

•  Journal  of  Crystal  Growth,  425,  110-114  (2015) 

UPLOADED 

PROJECT  2 

•  Cross-sectional  STM  analysis  of  short-range  order  in  metamorphic  InAsSb  alloys 

•  Collaboration  with  Army  Research  Laboratory 
S.P.  Svensson  and  W.L.  Sarney 

Highlights 

•  a  bulk,  MBE-grown  InAsSb  alloy  deposited  on  a  metamorphic  buffer  matched  to  GaSb  has 
been  successfully  cleaved  in  (110)  cross  section  and  imaged  with  STM 

•  device-scale  STM  surveys  illustrate  short-range  order  on  the  mixed,  group-V  sublattice 

•  the  antimony-antimony  correlation  function  obtained  from  the  reciprocal-space  power  spectral 
density  demonstrates  preferred,  next-nearest-neighbor  antimony-for-arsenic  replacement  over 
distances  corresponding  to  several  unit  cells 

•  antimony  voids  are  also  noted,  but  their  size  and  spatial  distribution  have  not  been  quantified 


the  band-gap  defect  associated  with  bulk  ordering  is  expected  to  significantly  perturb  the 
threshold  for  optical  absorption  at  wavelengths  approaching  the  far  end  of  the  LWIR  regime 


Technical  Figures  and  Accompanying  Explanation 
•  ATTACHED 

Technology  Transfer 


Figure  Captions 


Figure  1 .  Growth  Sequence  and  Wafer  Diagram 

We  examined  an  aluminum-free  growth  (K1229)  as  a  test  of  our  ability  to  image  a 
metamorphically  grown  sample.  This  sample  consisted  of  a  graded  InGaSb  buffer  grown  on 
GaSb  substrate.  An  InGaSb  virtual  substrate  and  a  unstrained,  bulk  InAsSb  alloy  were  grown 
atop  the  graded  buffer.  Knowing  that  concentrations  and  thicknesses  can  sometimes  be  non- 
uniform  at  the  edges  of  a  growth  we  chose  to  look  at  the  sample  furthest  removed  from  the  edge 
of  the  growth. 

Figure  2.  Experimental  HRXRD  Spectrum 

The  experimental  high-resolution  x-ray  diffraction  spectrum  shows  a  relatively  sharp  peak  from 
the  thick  bulk  alloy  and  a  broad  peak  due  to  the  thin  virtual  substrate.  Calculations  based  on 
approximate  mismatches  taken  directly  from  the  graph  confirm  the  nominal  alloy  concentrations 
in  Figure  1 . 

Figure  3.  Large-Area  STM  Surveys 

Large-area  STM  surveys  taken  over  the  interface  between  the  virtual  substrate  and  the  bulk  alloy 
(left)  and  approximately  a  quarter  of  the  way  into  the  growth  of  the  bulk  alloy  (right).  The  mixed 
common-atom,  non-common-atom  junction  shows  GaAs  interfacial  bonds  (darker  sites)  along 
the  interface  marked  by  the  caret.  Bright  sites  in  both  materials  identify  InSb-like  back-bonded 
surface  anions  within  a  matrix  of  GaSb  (virtual  substrate)  or  InAs  (bulk  alloy). 

Ligure4.  Anion  Sublattice  Order 

A  representative  atomic-resolution  image  from  the  bulk  alloy  survey  shown  in  Ligure  3. 
Isovalent  antimony-for-arsenic  substitutions  within  the  cleavage-exposed  (1)  and  second 
subsurface  (3)  planes  are  denoted  by  carets.  These  substitutions  appear  preferentially  situated  at 
next-nearest-neighbor  anion  sites  (encircled  in  blue)  along  the  [-110]  direction.  Relatively  large 
voids,  where  antimony  is  not  present  in  the  cleavage-exposed  plane,  suggest  the  presence  of 
longer-range  correlations  in  the  distribution  of  antimony  atoms. 

(Note:  as  this  was  our  first  experience  with  this  material  system,  the  images  -  while  good  -  are 
not  up  to  the  high  standards  we  set  for  ourselves  in  this  lab  and  as  such  were  gently  processed  to 
bring  out  the  atomic  corrugation  for  display  purposes.  We  fully  expect  to  obtain  better  images  as 
we  become  more  accustomed  to  this  material.) 

Ligure  5 .  Anion  Sublattice  Order 

The  correlations  in  antimony-for-arsenic  replacement  noted  above  are  seen  to  be  statistically 
significant  by  way  of  the  autocorrelation  map  (left)  generated  from  the  ensemble  of  bulk  alloy 
images  and  the  corresponding  section  (right)  along  the  [-110]  direction  between  the  carets  in  the 
map.  Vertical  marks  (right)  separated  by  twice  the  lattice  constant  mirror  the  in-plane  ordering 
of  antimony  atoms  revealed  in  Figure  4.  This  section  also  suggests  (although  qualitatively)  that 
the  ordering  falls  off  exponentially  with  distance  from  the  origin.  A  discretized  model1,  where 
equally  spaced  lattice  sites  are  either  occupied  or  unoccupied,  and  correlations  computed  from 
this  discretized  map  are  required  to  quantitatively  describe  this  decay  constant. 


See  for  example:  J.  Steinshnider,  Cross-Sectional  Scanning  Tunneling  Microscopy  as  a  Probe  of  Local 
Order  in  Semiconductor  Alloys,  A.  Mascarenhas  (Ed.)  Spontaneous  Ordering  in  Semiconductor  Alloys 
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